We show an evidence for the superconducting stripes (superstripes) in the Bi2212 system by joint x-ray diffraction and angle resolved photoemission. The kink observed at ky=0.4π in the energy distribution curves is shown to be related to a modulation of the Cu displacement out of the oxygen plane with a wavevector Q~(0.4π,0.4π) that modulates the next-nearest neighbor hopping integral t'. The resulting Fermi surface reveals broken segments around the M points due to the modulation of the t', associated with modulation of the electron-lattice coupling λ(ε) that depends on the micro strain ε of the CuO2 plane. The present findings further enlightens the fact that the micro-strain, controlling the electron-lattice coupling λ(ε) is a critical parameter for the superstripes.
Introduction
o . A large compressive stress is exerted on the CuO2 plane due to the lattice mismatch with the rock-salt sublattice having strong adhesive forces from the CR substrate. The resulting micro-strain on the CuO 2 plane could be defined as ε=2(r 0 -<r Cu-O >)/r 0 , where <r Cu-O > is the measured in plane Cu-O bond length and r 0 =1.97 Å is the equilibrium Cu-O distance. Recently it has been shown that the strain ε plays important role in the physics of the doped perovskites [1] [2] [3] [4] [5] . Indeed the CuO 2 plane shows superconducting stripes (called 'superstripes') 6.7 for the 0.045<ε<0.072. The strain for the Bi2212 system with doping δ~0. 16 Here we have used anomalous diffraction at the Cu K-edge to determine modulation of the Cu in the Bi2212 system taking advantage of tunablility of synchrotron radiation. Due to strong variation of the Cu scattering factor near the Cu K threshold, the technique provides direct and selective information on the sublattice of copper atoms. The results show a large displacement of the Cu atoms with a modulation wavevector Q~(0.4π, 0.4π). The modulation of the Cu atoms, out of the CuO 2 sublattice, modulates the nextnearest neighbor hopping integral t'. On the basis of the calculated band structure, we argue the kink observed at k y =0.4π in the electron distribution curves in recent angle resolved photoemission experiments is a result of the modulation of the t' with a wavevector Q~(0.4π,0.4π). This t' modulation is associated with a modulation of the electron-lattice coupling λ(ε) that depends on the micro strain ε. The anomalous diffraction results are discussed with the calculated energy dispersion curves and the density of states and the Fermi surface topology, showing a good agreement with the angle resolved photoemission experiments. The results further shed light on the stripe formation mechanism driving the Tc amplification in the cuprate perovskites.
Experimental details
Superconducting single crystals, grown by the travelling solvent floating zone method, were used for the measurements. X-ray diffraction measurements were made on the beamline ID11 at the European Synchrotron Radiation Facility (ESRF), Grenoble. Different crystals with Tc ~ 84-87 K (∆Tc~1.2 K) were mounted in closed cycle refrigerator and temperature was controlled within an accuracy of ±1K. The diffraction patterns were recorded sequentially at two wavelengths chosen to have a large variation in the real part of the Cu anomalous scattering factor (∆f'=6.2 electrons) with no variation in the imaginary part f'': λ 1 =1.3788 Å, at the rising edge of the Cu K threshold, and λ 2 =1.4086 Å, well below the edge. We have refined the z component values of Cu atoms independently from the structural parameters of all other atoms, with z Cu (t) = c 0 + c 1 cos(2 t ) + c 2 cos(4 t) (where t= βy) considering two harmonics. The details of the experiments and analysis are given elsewhere 8 .
Results and Discussion
Fig . 1 shows the modulation of the Cu z component determined at low temperature in the superconducting phase (T<Tc). The amplitude of the first harmonic component, c1=-0.276 Å, and that of the second harmonic component, c2=-0.128 Å. The z coordinates of the Ca atoms were obtained by using the normal diffraction patterns taken at λ2. For this purpose the structural parameters for copper were fixed to the values obtained by anomalous diffraction and the z coordinates of other atoms were refined. The resulting modulations of Ca and planar oxygen ions along the b axis are shown in Fig. 1 . The planar oxygen ions follow the modulation of Ca and Sr ions of the fcc rocksalt blocks but the Cu ions show a different modulation with a large displacement out of the average corrugation at the maxima of the lattice corrugation amplitude where a maximum elastic strain field is expected. In Fig. 2 the displacement of the Cu ion out of the oxygen plane is plotted. It shows a large modulation with a wave vector Q~(0.41π, 0.41π) in the CuO 2 plane that is the second harmonic of the corrugation of the rock-salt blocks.
The displacement of the Cu ions out of the plane indicate an increase of the pseudo Jahn teller electron lattice interaction g. The complex band structure of the CuO2 plane of cuprate perovskites is determined by its deformation due to the elastic strain field. The strain ε induces the dimpling of Cu ions relative to the oxygen ions, the tilting of the CuO4 square planes and their rhombic distortions. The strain changes the states near the Fermi level that can be described by an effective tight band model with near neighbor hopping integral t(ε) and next-nearest neighbor hopping integral t'(ε). The large on site Coulomb repulsion U gives a correlated electron gas described by the Hubbard term. Moreover the strain field tunes the relevant electron lattice interaction g(ε) of the type of cooperative pseudo Jahn-Teller coupling of charges with Q2-type local modes. The metallic phase can be described by the Holstein-Hubbard Hamiltonian
The first two terms describe the itinerant charges in a 2D square lattice, the CuO2 plane where t(ε) is the electron transfer integral between nearest-neighbor sites <i,j> and t'(ε) is the electron transfer integral between next-nearest-neighbor sites <<i,j>>. The electron transfer integrals t(ε) and t'(ε) are used to reduce the complex multi-bands electronic structure to an effective single band [9] [10] [11] [12] . The e-ph coupling g(ε) is driven by cooperative pseudo Jahn-Teller effect 4, 13 . The t and t' depend on the Cu-O bond and the lattice geometry and hence on the micro-strain. The modulation of the micro-strain is expected to modulate the electronic structure through static and dynamic effects due to modulation of the electron phonon coupling g(ε). In a previous work we have shown that e-ph coupling with a mode, having a wavevector (0.4π, 0.4π) suppresses the photoelectron spectral weight at the Fermi surface, around the M points of the Brillouin zone 14 . For the Bi2212 crystal the electron lattice interaction g(ε) is larger than the critical value for cooperative local lattice distortions due to a large micro-strain (average strain for the Bi2212 is ε~0.055>ε c ) 4 . The local lattice fluctuations get ordered in a particular form of 'superstripes' i.e., mesoscopic fluctuating bubbles of quantum wires where the chemical potential is tuned to a shape resonance 4 . Angle resolved photoemission measurements were made using angle scanning method 14 . A tight binding fit to the experimental data gives the t(ε) ~ 200 meV and t'(ε) 60 meV. The experimental details and the Fermi surface could be found elsewhere 14 . Fig. 3 shows the experimental energy distribution of spectral weight in the Γ-M direction. The buckling modulation in the superconducting bubbles observed by the diffraction induces a modulation of e-ph coupling g(ε) resulting in a modulation of t'. Therefore the electronic band dispersion can be described as a modulation of t' with a wavevector (0.4π, 0.4π). For the calculations we have considered modulation of t' between 60 meV and zero with a period of 2.5b along the diagonal direction. The calculated band along the Γ-M direction is shown in Fig. 3 .
One of the main outcome of the present calculations is a clear break in the dispersion (see the arrow) at k||0.4π. Signature of this kink-like structure in the dispersion was seen in earlier measurements, however, recent measurements with high energy and momentum resolution have clearly shown existence this break, all over the Brillouin zone, with an energy ~50±15 meV 15, 16 . The break is more pronounced near the Γ-M direction and as a matter of fact evidently appears with two features in the energy dispersion curves. The energy of the break depends on the value of the t', which differs slightly in different materials however remains in the range 40-80 meV 4 . There are several arguments to explain this anomalous break in the quasiparticle dispersion including the magnetic resonance mode, energy gap and charge inhomogeneity associated with the stripe structure in the CuO2 plane (see for example ref. 15 and ref. 16 ). The present work makes it clear that the kink like structure in the dispersion should be related to the modulation of the t' above the critical micro-strain for the superstripe formation 4 .
- . This is consistent with experimentally observed Fermi surface 14 on the Bi2212 system. Indeed the Fermi surface, measured by angle scanning photoemission shows an asymmetric suppression of spectral weight around M(π,0) point that has been assigned to coupling of the itinerant carriers with an incommensurate modulation with a wavevector Q~(0.4π,0.4π) of charge and orbital momentum 17 . The good agreement between the experimental data and the calculations suggests that the modulation of dimpling of the CuO 2 plane, giving rise to dynamic 'orbital wave', is at the origin of the asymmetric suppression of spectral weight around the M(π,0) point of the Fermi surface. The dynamic stripe fluctuations take place in bubbles of ~100-300 Å 4 , therefore the stripe wavevector Q~(0.4π,0.4π) could change direction from bubble to bubble giving a symmetric distribution of kink location in the Brillouin zone as shown in experiments 15 . In summary, we have studied superstripes in the Bi2212 superconductor by joint anomalous x-ray diffraction and angular resolved photoemission. The x-ray diffraction results shows that the Cu displacement in the CuO2 plane is modulated with a wavevector Q~(0.4π,0.4π) associated with the superstripes. This modulation of the CuO2 dimpling modulates the next-nearest neighbor hopping integral t'. We have calculated the band structure and the Fermi surface contours including the modulation of t'. The results suggests that the modulation of the t' gives rise to a clear break in the quasiparticle energy dispersion as found in angle resolved photoemission experiments. The Fermi surface reveals broken segments around the M points due to modulation of the t', related with modulation of the electron-lattice coupling λ(ε) that depends on the micro strain. The present finding clearly demonstrates that the micro-strain, controlling the electron-lattice coupling λ(ε) is a critical parameter for the superconducting stripes (superstripes) 4 . This particular modulation gives rise to a superlattice of quantum stripes, where the chemical potential is tuned to a "shape resonance" at the optimum charge density and the hopping of pairs between stripes is larger than that of single electrons 18 .
